Abstract In order to reveal the mechanism of MHD-assisted mixing, and analyse the major parameters which influence the effect of MHD-assisted mixing, experiments of MHD-assisted mixing are carried out with a non-premixed butane-air combustion system. The evolvement of the discharge section and the effect of MHD-assisted mixing on combustion are investigated by changing the magnetic flux density and airflow velocity. The results show that the discharge area not only bends but also rotates around the centered wire electrode, which are mainly caused by the Lorentz force. Moreover, the highest curvature occurs near the centered wire electrode. The discharge localizes near the surface of the wire electrode and annular electrode when there is no ponderomotive force. However, if the ponderomotive force is applied, the discharge happens between these two electrodes and it gradually shrinks with time. The discharge area cannot localize near the annular electrode, which is due to the increase of energy loss in the airflow. When the airflow velocity exceeds a certain value, the discharge section becomes unstable because the injected energy cannot maintain the discharge. The rotation motion of the discharge section could enlarge the contact surface between butane and air, and is therefore beneficial for mixing and combustion. Magnetic flux density and airflow velocity are critical parameters for MHD-assisted mixing.
Introduction
The mixture of fuel and oxidant is always crucial for combustion and propulsion: the better the mixture, the higher the combustion efficiency [1, 2] . Due to a short combustion duration time with high air velocity, the mixture of fuel and oxidant of non-premixed combustion becomes much more protruding, especially for hypersonic flight vehicles [3, 4] . MagnetoHydroDynamics (MHD) treats the kinetic characteristics of conductive fluid in a magnetic field. Magnetized fluids have dielectric characteristics distinguished from many normal fluids. Complexity of behavior and diversity of phenomenon are the distinctive features of the MHD system [5, 6] . Conductive fluid generates electromotive body force, for which one of the most important features is the vortex nature involved. Vortex motion strengthens the mixing effect by enlarging the contact surface between fuel and oxidant. This suggests that MHD-assisted mixing is promising in a non-premixed combustion system [2,3,7−9] .
In 2001, the Institute of High Temperatures of the Russian Academy of Sciences evaluated the feasibility of MHD-assisted mixing [8−15] . The results showed that MHD-assisted mixing not only strengthened the mixing effect by enlarging the contact surface between fuel and oxidant, but also improved the environment for effective combustion.
Later on, the effect of MHD-assisted mixing was investigated in a propane-air non-premixed combustion system both experimentally and numerically. It was shown that using MHDassisted mixing technology did not require the premixed process, and the Lorentz force formed the fluid engender vortex, which could enlarge the contact surface between propane and air. Although the efficiency of combustion was improved, the experiment was conducted in countered fluids, whereas the present work treats this topic in fluids flowing in the same direction. environment, utilizing a non-premixed butane-air combustion system [16, 17] . The study includes: a. the evolution regulation of the discharge section with the change of magnetic field; b. the influence of air velocity on the discharge section; and c. the influence of MHDassisted mixing on the combustion section with different air velocities. Fig. 1 shows a schematic of the whole experimental setup: the facility is mainly comprised of a vacuum chamber, i.e. a steel cylinder of 0.8 m 3 . A vacuum gauge is used to test the pressure of the vacuum chamber. The aerodynamic channel is controlled by a vacuum valve, which consists of a steel duct and quartz glass pipe of length 50 cm and diameter 44 mm. A previously calibrated washer is used to measure the flow velocity. The steel duct and washer are linked together, and airflow is drawn into the experimental section through the washer and the steel duct. Fuel is injected into the test section by a 4 mm diameter thin glass, which is fixed on the axis of the aerodynamic channel axis (Fig. 2) . In the experiment butane is used as the fuel, which is stored in a 5 cm diameter, 10 cm high cylindrical tank, and the tank is connected with a thin glass tube through a flexible pipe. The injection of butane is controlled via a valve, and before the experiment, butane flow is measured as 0.5 mL/s. The wire electrode fixes on the axis of the thin glass tube, the annular electrode embeds in the inner surface of the quartz glass pipe, and the discharge occurs between the annular electrode and the wire electrode. Current flows from the wire electrode to the annular one. The width of the annular electrode is 10 mm and the thickness is 1 mm, while the diameter of the wire electrode is 2 mm. The electrode is made of brass. A QPC-5A DC power supply (3.5 kV voltage and 1 A current in maximum) cascading a 2.4 kΩ resistance is used for direct current discharge ignition. The wire electrode is an anode while the annular electrode is a cathode. A longitudinal magnetic field is generated in an electric solenoid system, which is made of 0.8 mm diameter copper wire. The electric solenoid is powered by an adjustable power supply with the highest voltage of 140 V and the maximum current of 70 A. Directions of magnetic field and airflow are the same. Fig. 3 shows the change of magnetic flux density with current. A digital single lens reflex is used for taking pictures. 
Experiment

Experimental results and discussions
Experiments under different working conditions were carried out on this system to reveal the effect of MHDmixing on combustion. The experimental results are presented below.
The change of discharge section
with magnetic flux density Fig. 4 shows the behavior of the discharge with magnetic flux density from 0 mT to 38 mT. Fig. 4 shows that the discharge section symmetrically distributes along radial-wise between the wire electrode and the annular electrode without magnetic field. Under the influence of a transverse magnetic field, the discharge shape bends gradually into a crescent. The bending becomes stronger with the increase of the magnetic flux density.
The discharge shape becomes more irregular under the effect of Lorentz force, and localizes near the surface of the annular electrode. An important feature of the discharge shape observed is that the highest curvature of the arc channel appears near the central wire electrode. 5 shows that the discharge section rotates around the center wire electrode. As time continues, the discharge section localizes near the wire electrode and annular electrode, and the discharge section between the wire electrode and the annular electrode becomes smaller.
For all discharge sections, the current is the same because the discharge section constructs a circuit with an outer current, and magnetic flux density is uniform in the whole channel. Thus, the Lorentz force (F = B × J ) is the same, whose direction lies along the tangent of the circular motion, for any infinitesimal body in the discharge section. The direction of current is from the wire electrode to the annular one. The magnetic field is applied beyond the figure plain, thus the direction of the electromotive body force is along the clockwise. From the circular motion formula:
where ω is circular motion angular velocity, t is time, and r is radius. From Eq. (1), we can see that the value of ω becomes bigger with the negative change of r at any time, which means that ω reaches maximum near the central wire electrode. Accordingly, the largest curvature appears near the central electrode, which turns the discharge section into an asymmetric crescent shape. The contact surface of different fluids was enlarged because of such rotation movement. The ponderomotive force was generated due to particle collision with the non-uniform discharge section, whose formula was given in Eq. (2).
where E is injection energy, m is electronic mass, and e is electric charge. The ponderomotive force is larger in the area of larger angular velocity, as shown in Eq. (2). Combined with Eq. (1), the ponderomotive force is almost the same in any circular line, gradually increasing in radical-wise. The direction of the ponderomotive force is from the wire electrode to the annular electrode, therefore the ponderomotive force is a centrifugal force. Due to a large angular velocity, the discharge near the center wire electrode becomes more uniform with time. Due to the resistance of annular electrode, the outer layer discharge section focuses on the annular electrode. Fig. 5 shows the discharge section distribution at 0.9 s.
The discharge section in the 31 mT magnetic field without airflow is shown in Fig. 6 . The shape of the discharge section bends and rotates around the wire electrode.
The separation appears with the concentration trend of discharge sections to the area around the wire electrode and annular electrode in the end. Comparing Fig. 5 with Fig. 6 , we can see clearly that the circular motion angular velocity gradually increases with the increase of magnetic flux density. Moreover the period of discharge between wire electrode and annular electrode shortens. The area of discharge enlarges because the energy injection increases when the magnetic flux density increases.
Discharge evolution with magnetic
flux density for airflow conditions Fig. 7 shows the evolution of the discharge section with 26 mT magnetic flux density with airflow velocity 5 m/s.
The discharge section bends and rotates around the center wire electrode.
The discharge section between the wire electrode and the annular electrode did not disappear with time elapsed, while the concentration of discharge section become weakened. The photos in Fig. 8 demonstrate the discharge evolutions with 26 mT magnetic flux density when the airflow velocity is 15 m/s. Circular motion angular velocity gradually reduces with the airflow velocity increased. The discharge section tends to accumulate in an area with time.
Instead of concentrating on the area around the wire electrode and annular electrode, discharge appears in the area between the wire electrode and the annular electrode with a sector shape. Fig.8 Discharge evolutions with 26 mT magnetic flux density with 10 m/s airflow velocity, P =1.5 kPa, U =1.5 kV Fig. 9 shows the evolution of the discharge section with 38 mT magnetic flux density with airflow velocity 15 m/s. Compared with an airflow velocity of 10 m/s, the section of discharge becomes unstable, with some trembling. As shown in Figs. 8 and 9 , in the airflow, electron dissipation not only includes the spreading of the electrons and the compound of electrons and ions, but also includes the energy losses caused by electron movement in the airflow. Therefore, the area of the discharge section gradually decreases with the increase of airflow. When the discharge power is fixed, the area of discharge shrinks because of the electron loss caused by composition and diffusion effects, to maintain the discharge. With the velocity of airflow rising, the area of discharge becomes unstable when the reduction in the loss of composition and diffusion is not enough to maintain the discharge, as shown in Fig. 9 . The injection energy is increased with the increase of the magnetic flux density, while energy loss increases with the increase of airflow velocity. Discharge develops to an unstable pattern when the energy injected under the effects of a magnetic field is less than the energy loss caused by airflow. Namely, the discharge section changes into an unstable pattern in a certain magnetic flux density when the velocity of airflow is over a certain value.
The discharge evolution in different magnetic flux densities for gas
We use a thin glass tube to inject butane into the experimental section, and observe the shape deformation of the discharge section, as shown in Fig. 10 . The pressure is 1.5 kPa and the discharge voltage is 1.5 kV with a 26 mT magnetic field. Butane ignites rapidly and the section of combustion corresponds to the section of discharge in the non-flow condition.
Combustion releases heat, increases temperature and promotes ionization. The double combustion area and the discharge section become bent and rotate around the wire electrode. When the butane injection system is closed, the range of the combustion area and discharge section became narrower when the flux of butane drops, as shown in Fig. 10 with the discharge section distribution at a time of 0.5 s. In the process of combustion, plasma in the discharge section promotes butane cracking, makes large molecules into smaller molecules, and produces a large number of active particles. This promotes combustion by changing the combustion chain reaction, as well as consuming large amounts of energy at the same time. Thus, this leads to both the degree of bending and the rotation velocity of combustion and discharge section reduction, but they do not localize in a particular area. Although the speed of rotation reduces, rotation motion is the main reason to strengthen butane and air mixing and promotes combustion. Discharge only appears in a certain area, but the rotation of the discharge section cannot stop all the time. Besides, combustion occurs mostly in the area where the rotation of the discharge section has already occurred. This means that the rotation is caused by an electromagnetic body force which increases the mixing intensity of butane and air in non-premixed combustion and promotion combustion. The heat production by combustion also promotes the ionization, making the discharge section more asymmetric. Fig. 12 demonstrate combustion evolution when the airflow is up to 10 m/s from 5 m/s. The increased velocity of air combustion in the center region has disappeared, but combustion still occurs in the discharge area with the effect of MHD-assisted mixing.
Photos in
As can be seen from Fig. 10 to Fig. 12 , the combustion area and discharge section separate in the airflow. Rotation of the discharge section under the effect of the electromagnetic body force increases the contact area of different fluids. However, the region of combustion shrinks with the velocity of fluid increasing. It is demonstrated that the effect of MHD-assisted mixing becomes too weak to maintain the combustion under a certain magnetic field intensity when the velocity of fluid is over a certain value. So magnetic flux density and airflow velocity restrict the effect of MHD-assisted mixing. 
Conclusion
The study of fluids flowing in the same direction was employed, and experiments on the electrical discharge in the airflow and fuel (butane) and in the presence of a magnetic field were carried out. The following conclusions are obtained.
a. The discharge section not only bends but also rotates around the centered wire electrode, which is mainly caused by the Lorentz force. The discharge concentrates around the wire electrode and annular electrode with the area of discharge between the wire electrode and the annular electrode gradually decreasing because of the ponderomotive force.
Angular velocity gradually increases with magnetic flux density, which causes the disappearance of the discharge area between the wire electrode and the annular electrode.
b. The injection energy increases with the magnetic flux density but decreases with the airflow velocity. For a certain magnetic flux density, discharge changes into an instable pattern when the velocity of airflow exceeds a specific value. Thus, magnetic flux density and airflow velocity are crucial parameters for MHDassisted mixing.
c. Rotation of the discharge section under the effect of electromagnetic body force increases the contact area between different fluids. However, the effect of MHD-assisted mixing becomes too weak to maintain the combustion under a certain magnetic field intensity when the velocity of the fluid is over a certain value.
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